Introduction {#tpj13904-sec-0001}
============

Flowers have been extensively studied throughout history as they are the most eye‐catching and, through fruit and seed production, economically important parts of the plant. Substantial knowledge has been acquired on identity specification and development of the different floral organs. The well‐known ABC model of flower development (Coen and Meyerowitz, [1991](#tpj13904-bib-0009){ref-type="ref"}) explains how different genes and gene combinations specify floral organ identity. Apart from the Arabidopsis A‐class gene APETALA2 (*AP2*), all these genes encode members of the MADS box family of transcription factors (TFs), and their specific and unique interactions determine the identities of the four types of floral organs: carpels, stamens, petals and sepals (Coen and Meyerowitz, [1991](#tpj13904-bib-0009){ref-type="ref"}; Immink *et al*., [2010](#tpj13904-bib-0028){ref-type="ref"}).

Until recently, little was known about the control of floral organ growth and the determination of their final size and shape. Nevertheless, over recent years this topic has attracted more attention and insight has been gained into the cellular characteristics and underlying genetic factors controlling these traits. In the Arabidopsis flower, the final shape and size of sepals is largely determined by endoreduplication and the formation of giant cells (Roeder *et al*., [2012](#tpj13904-bib-0060){ref-type="ref"}). Petals, on the other hand, have a morphology that requires differential regulation of cell proliferation and expansion in the basal and distal parts. The final shape and size of petals is mainly determined by cell elongation in the basal part, whereas the rate and direction of cell division determine the shape and size of the distal region (the blade) of the petal, which contains small and round conical cells (Hase *et al*., [2005](#tpj13904-bib-0026){ref-type="ref"}; Irish, [2008](#tpj13904-bib-0029){ref-type="ref"}).

Several key regulatory genes that ensure control of petal growth and development in Arabidopsis have been identified. JAGGED (*JAG*) for instance, is suggested to suppress premature cell‐cycle arrest in the distal part of an Arabidopsis petal (Dinneny *et al*., [2004](#tpj13904-bib-0018){ref-type="ref"}; Schiessl *et al*., [2014](#tpj13904-bib-0064){ref-type="ref"}). RABBIT EARS (*RBE*) is expressed in petal primordia, where it ensures cell proliferation in petal precursor cells (Takeda *et al*., [2004](#tpj13904-bib-0070){ref-type="ref"}). AINTEGUMENTA (*ANT*) maintains cell proliferation in developing petals (Krizek *et al*., [2000](#tpj13904-bib-0035){ref-type="ref"}; Mizukami and Fischer, [2000](#tpj13904-bib-0045){ref-type="ref"}) and BIG PETAL (*BPE*) affects cell size by interfering with post‐mitotic cell expansion (Szecsi *et al*., [2006](#tpj13904-bib-0068){ref-type="ref"}). A number of downstream genes have been identified, including members of the TEOSYNTE BRANCHED/CYCLOIDEA/PROLIFERATING CELL FACTOR (*TCP*) TF family, which are thought to act downstream of *JAG* (Schiessl *et al*., [2014](#tpj13904-bib-0064){ref-type="ref"}) and *RBE* (Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}).

The TCP TF family (Martín‐Trillo and Cubas, [2010](#tpj13904-bib-0044){ref-type="ref"}) in Arabidopsis has 24 members, which can be divided into two classes based on a difference in the DNA‐binding TCP domain (Cubas *et al*., [1999](#tpj13904-bib-0012){ref-type="ref"}). The class II TCPs are generally thought to act as repressors of cell division and inducers of cell differentiation (Efroni *et al*., [2008](#tpj13904-bib-0020){ref-type="ref"}), and can be further subdivided into CINCINNATA (CIN)‐type and CYC/TB1‐type TCPs (Cubas *et al*., [1999](#tpj13904-bib-0012){ref-type="ref"}). The roles of several of these class II TCPs in floral organ development have been studied. In *Antirrhinum*, for example, CYC is responsible for the asymmetric development of petals (Luo *et al*., [1995](#tpj13904-bib-0040){ref-type="ref"}) whereas CIN promotes growth and cell division in these organs (Crawford *et al*., [2004](#tpj13904-bib-0011){ref-type="ref"}).

The CIN‐type TCPs are represented in Arabidopsis by the Jagged and Wavy (*JAW*) TCPs (*TCP2*,*‐3*,*‐4*,*‐10* and *‐24*) and the *TCP5*‐like genes (*TCP5*,*‐13* and *‐17*). All five JAW TCPs are targeted by the same microRNA, *miR319*, which, upon overexpression in the *jaw‐D* mutant, simultaneously downregulates the expression of *TCP2*,*‐3*,*‐4*,*‐10* and *‐24* (Palatnik *et al*., [2003](#tpj13904-bib-0052){ref-type="ref"}). This downregulation gives rise to a delay in the arrest of cell proliferation in the margin and distal end of organs, such as leaves and petals, resulting in overproduction of cells in these regions (Nath *et al*., [2003](#tpj13904-bib-0049){ref-type="ref"}; Palatnik *et al*., [2003](#tpj13904-bib-0052){ref-type="ref"}).

It has been suggested that the other CIN‐genes, *TCP5*,*TCP13* and *TCP17*, although not targeted by *miR319*, are responsible for similar processes in a redundant manner (Efroni *et al*., [2008](#tpj13904-bib-0020){ref-type="ref"}). However, mutants in the *TCP5*‐like genes show some phenotypic differences when compared with the *JAW‐TCP* mutants and have larger leaves, for example, but lack the *jaw‐D* characteristic crinkled phenotype. The constitutive overexpression of *TCP5* results in a smaller petal area (Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}), whereas downregulating all three *TCP5*‐like genes by ectopically expressing an artificial micro‐RNA (also known as *miR:3TCP*) and a triple *tcp5 tcp13 tcp17* knockout results in larger petals and leaves (Efroni *et al*., [2008](#tpj13904-bib-0020){ref-type="ref"}; Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}). The single *tcp13* and *tcp17* mutants show no phenotypic alterations during petal development, whereas the single *tcp5* mutant grows a slightly wider petal claw (Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}). This suggests that, of these three genes, TCP5 is the major player in petal development. Further analyses revealed that the reduced petal size in *TCP5* overexpressing lines versus the increased size in *miR:3TCP* is attributed to the duration of growth and cell differentiation (Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}).

In this study, we aim to shed light on the molecular mode of action underlying the functioning of *TCP5* in flowers, with a special focus on its function in petals. We show that *TCP5* is expressed in petals of stage 9 flowers and onwards and hypothesize that it is involved in controlling cell expansion, which is initiated at this stage of petal development (Irish, [2008](#tpj13904-bib-0029){ref-type="ref"}). Furthermore, we analysed gene expression by RNA‐sequencing analysis in whole inflorescences and petals of *tcp5 tcp13 tcp17* knockout mutants and in constitutive and inducible *TCP5* overexpression lines. This revealed a possible role for *TCP5* in ethylene biosynthesis and signalling. Ethylene is known to play a role in the growth and elongation of (petal) cells (Chen *et al*., [2013](#tpj13904-bib-0006){ref-type="ref"}; Ma *et al*., [2008](#tpj13904-bib-0042){ref-type="ref"}; reviewed by Pierik *et al*., [2006](#tpj13904-bib-0055){ref-type="ref"}). The involvement of *TCP5* in ethylene biosynthesis was confirmed by an altered rate of ethylene accumulation in the analysed mutants, and complementation experiments with an ethylene pathway inhibitor were able to recover the *tcp5 tcp13 tcp17* phenotype to wild type. Together with showing direct binding of TCP5 at the *ACS2* promoter, these findings provide strong evidence for a central role of TCP5 in ethylene‐mediated control of petal growth.

Results {#tpj13904-sec-0002}
=======

*TCP5* is expressed during cell elongation stages of petal development, regulating the final shape and size of Arabidopsis petals {#tpj13904-sec-0003}
---------------------------------------------------------------------------------------------------------------------------------

To visualize the spatial expression pattern of *TCP5* in petals, a transgenic *gTCP5‐GFP* line was generated. Expression of *TCP5* seems to be uniformly distributed in the petal and occurs from stage 9 onwards (Figure [S1](#tpj13904-sup-0001){ref-type="supplementary-material"} in the online Supporting Information), which is slightly earlier than previously reported (Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}). However, expression in these early stages is very low in comparison with later developmental stages. Analysis of *TCP5* expression during later developmental stages was done by quantitative (q)RT‐PCR and showed constant *TCP5* expression until stage 15/16, when petal senescence occurs (Figure [S1](#tpj13904-sup-0001){ref-type="supplementary-material"}D; stages according to Smyth *et al*., [1990](#tpj13904-bib-0067){ref-type="ref"}). Furthermore, the qRT‐PCR analyses revealed that the expression of *TCP13* increased during later petal development whereas hardly any *TCP17* expression was detected in any of the analysed stages.

To further understand the function of *TCP5*, we decided to study the effect of *TCP5* overexpression in the epidermal layer of petals, because growth appears to be controlled and regulated to a large part from this cell layer (Anastasiou *et al*., [2007](#tpj13904-bib-0002){ref-type="ref"}; Savaldi‐Goldstein *et al*., [2007](#tpj13904-bib-0063){ref-type="ref"}; Urbanus *et al*., [2010](#tpj13904-bib-0075){ref-type="ref"}). For this purpose, the promoter of the Arabidopsis L1‐specific gene MERISTEMLAYER1 (*AtML1*) was used; this drives expression in the epidermis of all above‐ground organs (Lu *et al*., [1996](#tpj13904-bib-0039){ref-type="ref"}). In this experiment, TCP5 was tagged with GFP, enabling the protein inside tissues to be visualized and tracked (Figure [S2](#tpj13904-sup-0002){ref-type="supplementary-material"}A). Confocal analysis showed that the expression of TCP5‐GFP in *ATML1* ~*pro*~ *:TCP5‐GFP* plants is limited to the epidermis, as expected, and that no migration to underlying layers occurs (most likely due to the nuclear entrapment of the TCP5‐GFP fusion protein; Figure [S2](#tpj13904-sup-0002){ref-type="supplementary-material"}B). Quantitative RT‐PCR analysis showed upregulation of TCP5 expression of approximately 3.5 times relative to Col‐0 (Figure [S2](#tpj13904-sup-0002){ref-type="supplementary-material"}C). Phenotypical analysis of *ATML1* ~*pro*~ *:TCP5‐GFP* plants during the vegetative stage of development showed the development of long elongated leaves, from which the blade was curled downward at the periphery and had a smaller surface area (Figure [S2](#tpj13904-sup-0002){ref-type="supplementary-material"}D, E). This phenotype is completely opposite to the leaf phenotype of the triple *tcp5 tcp13 tcp17* knockout mutant (Efroni *et al*., [2008](#tpj13904-bib-0020){ref-type="ref"}; Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}). In addition, we observed significantly smaller petals of *ATML1* ~*pro*~ *:TCP5‐GFP* flowers compared with wild‐type petals (Figure [S3](#tpj13904-sup-0003){ref-type="supplementary-material"}), which is opposite to the petal phenotype of the triple knockout line. Notably, the petal phenotype observed in the *ATML1* ~*pro*~ *:TCP5‐GFP* plants is similar to the *35S* ~*pro*~ *:TCP5* phenotype previously observed by Huang and Irish ([2015](#tpj13904-bib-0027){ref-type="ref"}), revealing that specific ectopic expression of *TCP5* in the epidermal layer is sufficient to trigger this developmental response.

Next, we phenotyped a single *tcp5* mutant line and a *tcp5 tcp13 tcp17* triple mutant. Detailed phenotyping showed that petals of the *tcp5 tcp13 tcp17* mutant grow significantly longer and wider (Figure [S3](#tpj13904-sup-0003){ref-type="supplementary-material"}), which is in line with previously published data (Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}). The single knockout of *tcp5* showed no differences from the wild type for these specific macroscopic characteristics (Figure [S3](#tpj13904-sup-0003){ref-type="supplementary-material"}).

*TCP5* and *TCP5*‐likes alter conical cell morphology {#tpj13904-sec-0004}
-----------------------------------------------------

To unravel the cellular causes of the observed petal phenotypes we took a closer look using scanning electron microscopy (SEM). We focused initially on the adaxial side of the distal part of the petal, where conical cells are located. In all three analysed lines (*tcp5*,*tcp5 tcp13 tcp17* and *ATML1* ~*pro*~ *:TCP5‐GFP*) the cells in the petal blade are bigger and more irregularly shaped than the round conical cells in wild‐type petals (Figure [1](#tpj13904-fig-0001){ref-type="fig"}a, d). The shape of the conical cells was quantified by calculating the ratio of cell length to cell width, resulting in a measure of cell roundness. Conical cells at the distal end of the petal are expected to be (close to) perfectly round (Szécsi *et al*., [2014](#tpj13904-bib-0069){ref-type="ref"}), which could be confirmed for Col‐0 (Figure [1](#tpj13904-fig-0001){ref-type="fig"}e). In contrast, the *ATML1* ~*pro*~ *:TCP5‐GFP* overexpressor plants and the T‐DNA knockout lines showed a decrease in conical cell roundness.

![Overview of cellular phenotypes in petals of Col‐0, *ATML1* ~*pro*~ *:TCP5‐GFP*,*tcp5* and *tcp5 tcp13 tcp17* mutant plants.\
Scanning electron micrographs of the distal (a), central (b) and proximal (c) parts of the petal. Boxplots show the cell sizes of conical cells at the distal part of the petal in (d). (e) The roundness of the conical cells and (f) the total number of conical cells. (g) The size of basal cells. (h) The direction of cell elongation, medial--lateral (blue) or proximodistal (red). (i) The proportional area of conical cells in the petal. Scale bars: (a) 10 μm; (b), (c), 20 μm. Box plots (d, e and g) show mean (dot on horizontal line), median (middle horizontal line), second to third quartiles (box), and minimum and maximum ranges (vertical lines). The bars (f, h and i) indicate means and SDs. In both cases an asterisk indicates that the mean is significantly different from wild type (*P *\<* *0.05, Student\'s *t*‐test). At least 50 cells from 12 petals were analysed. \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](TPJ-94-867-g001){#tpj13904-fig-0001}

Subsequently, we combined the cell shape and size measurements to infer the directionality of cell elongation in petal conical cells. We noted that in the wild type the vector (direction) of elongation of the conical cells is quite random, which is expected for the more or less round petal blade cells (Figures [1](#tpj13904-fig-0001){ref-type="fig"} h and [S4](#tpj13904-sup-0004){ref-type="supplementary-material"}B, C). However, in *ATML1* ~*pro*~ *:TCP5‐GFP* the direction appeared to be more proximodistally oriented, which explains the narrower petals. In the case of the *tcp5 tcp13 tcp17* T‐DNA knockout line this directionality seemed to be more medial‐lateral (ML). This observation is in line with the observed wider petals in this mutant background (Figure [S3](#tpj13904-sup-0003){ref-type="supplementary-material"}A, C). The observation that the petal area is smaller in the *ATML1* ~*pro*~ *:TCP5‐GFP* mutant compared with the wild type, although the cells are larger, can be explained by the reduction in total cell number in this mutant (Figure [1](#tpj13904-fig-0001){ref-type="fig"}f).

Conical cells at the distal end of a petal possess a dome‐shaped structure with cuticular ridges that run from the edges of the cell (where the cell touches its neighbouring cells) to the top of the conical cell (Panikashvili *et al*., [2011](#tpj13904-bib-0053){ref-type="ref"}) (Figure [1](#tpj13904-fig-0001){ref-type="fig"}a). In the case of the single *tcp5* knockout, these ridges are oriented similarly to wild‐type cells towards the tip of the cone, despite the differences in cell size and shape; however, in the case of *ATML1* ~*pro*~ *:TCP5‐GFP* and the triple mutant*,* the ridges seem to be running more randomly and parallel to each other.

Finally, we investigated potential effects of *TCP5* alterations on cell elongation at the base of the adaxial side of the petal and found that these cells are significantly larger in the *tcp5 tcp13 tcp17* mutant (Figure [1](#tpj13904-fig-0001){ref-type="fig"}c, g). Nonetheless, no significant differences were observed in either the single *tcp5* mutant or the *ATML1* ~*pro*~ *:TCP5‐GFP* overexpression line.

Molecular analysis of *tcp5, tcp5 tcp13 tcp17* and *ATML1* ~*pro*~ *:TCP5‐GFP* {#tpj13904-sec-0005}
------------------------------------------------------------------------------

To obtain insight into the potential molecular causes of the observed phenotypes, an RNA‐seq analysis was performed on dissected petals of stage 12 flowers of Col‐0 wild type, *tcp5, tcp5 tcp13 tcp17* and *ATML1* ~*pro*~ *:TCP5‐GFP* lines. We found a total of 2682 genes differentially expressed in *ATML1* ~*pro*~ *:TCP5‐GFP* petals compared with the wild type, 1581 in *tcp5* and 1519 in the *tcp5 tcp13 tcp17* triple knockout. Of these, 345 differentially expressed genes (DEGs) were found in all three mutant backgrounds (Figure [S5](#tpj13904-sup-0005){ref-type="supplementary-material"}C, Table [S1](#tpj13904-sup-0009){ref-type="supplementary-material"}).

Subsequently, a Gene Ontology (GO) enrichment analysis was done to identify the biological and molecular processes affected by TCP5. To produce a first overview, the GO Slim method was chosen, which gives broad insight into ontology. A summary of GO terms found to be overrepresented in multiple samples is shown in Figure [S6](#tpj13904-sup-0006){ref-type="supplementary-material"} (full list in Table [S2](#tpj13904-sup-0010){ref-type="supplementary-material"}). Previously, CIN‐TCPs have been described as being involved in cell growth and differentiation (Efroni *et al*., [2008](#tpj13904-bib-0020){ref-type="ref"}), and the petal phenotypes of the *TCP5* overexpressor and *tcp5 tcp13 tcp17* mutants are in agreement with a function of *TCP5*‐like genes in these cellular processes (present work; Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}). Enrichment was found for GO terms such as cell wall (GO:0005618), anatomical structure morphogenesis (GO:0009653), membrane (GO:0016020) and the regulation of cell size (GO:0008361), cell differentiation (GO:0030154), cell growth (GO:0016049) and growth (GO:0040007). Nevertheless, steady‐state differential expression in stable mutant backgrounds does not provide information about the direct targets of the TCP5 TF. We therefore generated an inducible transgenic *35S* ~*pro*~ *:TCP5‐GR* Arabidopsis line, which allowed us to use the glucocorticoid receptor to activate TCP5 at specific moments during development by the application of dexamethasone (DEX) (Aoyama and Chua, [1997](#tpj13904-bib-0004){ref-type="ref"}). Continuous DEX treatment resulted in phenotypes in line with those of the stable *ATML1* ~*pro*~ *:TCP5‐GFP* line (Figure [S7](#tpj13904-sup-0007){ref-type="supplementary-material"}). To shed light on the molecular mode of action of TCP5 in flower development, inflorescences were harvested after 2 and 8 h of DEX treatment. This two‐step analysis allows us to distinguish between the direct and indirect effects of *TCP5* induction. We found 1057 genes differentially regulated after 2 h of treatment, which after 8 h had increased to 1350 genes. In these lists of significantly differential regulated genes upon induction of TCP5 we found more downregulated than upregulated genes (Figure [S5](#tpj13904-sup-0005){ref-type="supplementary-material"}B, Table [S1](#tpj13904-sup-0009){ref-type="supplementary-material"}).

For a detailed analysis of the differentially expressed genes, we performed a full GO term analysis for genes differentially expressed at 2 h after induction (T0--2) and genes differentially expressed between 2 and 8 h after induction (T2--8). Analysis of both time points revealed a profile strikingly rich in terms related to plant defence and hormonal responses (Figure [2](#tpj13904-fig-0002){ref-type="fig"}a, b, Table [S3](#tpj13904-sup-0011){ref-type="supplementary-material"}).

![Over‐representation of ethylene signalling genes among the differentially expressed genes.\
(a), (b) Hormone related Gene Ontology (GO) terms for (a) differentially expressed genes after 2 h induction (T0--2) and (b) differentially expressed genes after 8 h induction (T2--8). The colour bar in (a) and (b) indicates significance levels for the GO categories (FDR \< 0.05), The circle size represents the number of genes present for a particular GO term. In the case of, for example, response to ethylene biosynthesis, the size corresponds to 12 and 17 genes, respectively.\
(c) Differentially expressed genes in the ethylene biosynthesis and signalling pathway in either the first time point (T0--2) or the second (T2--8); lines indicate that, for example, *ACS2* is a 1‐amino‐cyclopropane‐1‐carboxylate (ACC) synthase and link the different gene classes to individual genes in that class showing differential expression. SAM,*S*′‐adenosyl‐[l]{.smallcaps}‐methionine; MET, methionine.](TPJ-94-867-g002){#tpj13904-fig-0002}

Two hormones known to be growth regulators are found in our GO term overrepresentation analysis. Response to auxin stimulus (GO:0009733) is found in all samples, and a striking finding in both the *35S* ~*pro*~ *:TCP5‐GR* induction as well as the stable *ATML1* ~*pro*~ *:TCP5‐GFP* was the presence of the GO term response to ethylene stimulus (GO:0009723) (Figure [2](#tpj13904-fig-0002){ref-type="fig"}, Table [S3](#tpj13904-sup-0011){ref-type="supplementary-material"}). Ethylene is known to influence cell expansion in petals (Pei *et al*., [2013](#tpj13904-bib-0054){ref-type="ref"}), and therefore we focused our further experiments on this hormone. Mutual targets of both ethylene and auxin are the *ARGOS* and *ARGOS*‐like (*ARL*) genes, which all appear to be upregulated immediately after *TCP5* induction (Figure [3](#tpj13904-fig-0003){ref-type="fig"}). Additionally, in the list of differentially expressed genes we found the ethylene biosynthesis genes 1‐AMINOCYCLOPROPANE‐1‐CARBOXYLIC ACID SYNTHASE 2 (*ACS2*), which catalyses the rate‐limiting step in ethylene biosynthesis (van der Graaff *et al*., [2006](#tpj13904-bib-0024){ref-type="ref"}), and ACC‐oxidase 2 (*ACO2*), which converts ACC into ethylene. Both *ACS2* and *ACO2* are upregulated in the *tcp5* and *tcp5 tcp13 tcp17* mutants and downregulated in the transgenic lines in which *TCP5* is overexpressed. Similarly, many ETHYLENE RESPONSE FACTORS (*ERF*s), which are downregulated in our overexpressing lines, are upregulated in the knockout lines (Figure [3](#tpj13904-fig-0003){ref-type="fig"}).

![Differentially expressed genes.\
Heatmap of differentially expressed genes categorised by function and/or process involved. The colour scale indicates the log~2~(fold‐change), based on fragments per kilobase of transcript per million mapped reads (FPKM) values, for upregulated genes (green) through genes that show no difference (white) towards downregulated genes in red.](TPJ-94-867-g003){#tpj13904-fig-0003}

*TCP5* inhibits ethylene biosynthesis {#tpj13904-sec-0006}
-------------------------------------

The differential gene expression analysis led to the hypothesis that TCP5 primarily inhibits ethylene biosynthesis and secondly ethylene response. We indeed observed a significant increase in accumulated ethylene in the inflorescences of the *tcp5* and *tcp5 tcp13 tcp17* knockout mutants versus a significant decrease in the *ATML1* ~*pro*~ *:TCP5‐GFP* overexpressor (Figure [4](#tpj13904-fig-0004){ref-type="fig"}a).

![TCP5 inhibits ethylene biosynthesis.\
(a), (b) Quantification of ethylene production of inflorescences (per hour per gram fresh weight) (a) and petal area and petal cell size analysis in control (left) and silver thiosulphate (STS) (right) treatment (b). Curly brackets with asterisks above indicate a significantly different area versus Col‐0 wild type. Curly brackets below show the percentage of decline in petal area and cell size in STS‐treated samples compared with the control treatment. Treatment with STS had a significant effect for all plants tested. Bars in (a) show the mean of at least five biological replicates. The boxplot in (b) shows mean (dot on horizontal line), median (middle horizontal line), second to third quartiles (box), minimum and maximum ranges (vertical lines). Twelve petals were analysed for petal area, and at least 50 cells from these petals were analysed for size. In both cases an asterisk indicates a significantly different mean from the wild type (*P *\<* *0.05, Student\'s *t*‐test).\
(c) Binding of TCP5‐GFP to the ACS2 locus confirmed by chromatin immunoprecipitation (ChIP)‐qPCR. Binding of TCP5 is tested for regions 1--4, of which regions 2, 3 and 4 cover a putative binding site, indicated in (D). *PS41* is the negative control. The data were normalized against *ACT2*. Means ± SEM of three biological replicates are shown. The asterisks above the columns indicate a significant difference between TCP5:GFP and input (*P *\<* *0.05, *t*‐test).\
(d) Schematic diagram of the *ACS2* locus. Grey boxes indicate the exons, blue triangles indicate the positions of putative TCP‐binding motifs (B.S.) and black lines show the amplified fragments in ChIP‐qPCR. \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](TPJ-94-867-g004){#tpj13904-fig-0004}

If the disruption in ethylene biosynthesis/signalling is (at least partly) accountable for the observed phenotypes, exogenous alteration of the ethylene pathway should be able to restore mutant phenotypes. For that purpose, we conducted an experiment in which we added silver thiosulphate (STS), an inhibitor of the ethylene pathway (Beyer, [1979](#tpj13904-bib-0005){ref-type="ref"}). After application of STS, which should block the enhanced ethylene response in the *tcp5 tcp13 tcp17* mutant, petal and cell sizes returned to wild‐type dimensions (Figure [4](#tpj13904-fig-0004){ref-type="fig"}b).

Ethylene has a well‐studied regulatory role in Arabidopsis leaf senescence (Weaver *et al*., [1998](#tpj13904-bib-0080){ref-type="ref"}; Koyama, [2014](#tpj13904-bib-0033){ref-type="ref"}; Kim *et al*., [2015](#tpj13904-bib-0032){ref-type="ref"}), but a lot less is known about its role in petal senescence in Arabidopsis (Wagstaff *et al*., [2009](#tpj13904-bib-0078){ref-type="ref"}; Rogers, [2013](#tpj13904-bib-0061){ref-type="ref"}). The RNA‐seq data revealed a number of differentially expressed NAC TFs (Figure [3](#tpj13904-fig-0003){ref-type="fig"}) known to act downstream of the ethylene signalling pathway and to be involved in senescence‐related processes: *NAC019*,*NAP*,*SHG*,*NAC3*,*ORS1* and *ORE1* (Kim *et al*., [2014](#tpj13904-bib-0031){ref-type="ref"}). Their direction of differential regulation perfectly fits the increase or decrease in ethylene biosynthesis and signalling genes in our mutants, prompting us to take a closer look at petal senescence in our lines.

However, Arabidopsis petals have been questioned as suitable organs for studying senescence since a clear progress of senescence is lacking (Jones [2009](#tpj13904-bib-0500){ref-type="ref"}). Pollination triggers senescence in these organs, after which they abscise without substantial wilting in a very short time, making differences hard to detect. Indeed, we could not observe any differences related to senescence in petals of the various mutant lines comparison with the Col‐0 wild type.

Finally, we tested the binding of TCP5 to putative TCP‐binding motifs in the promoter and genic regions of *ACS2* (Figure [4](#tpj13904-fig-0004){ref-type="fig"}d). We compared the immunoprecipitated DNA of inflorescences of *gTCP5‐GFP* with input DNA by qPCR and found a significant enrichment for the putative TCP‐binding site in the promoter (Figure [4](#tpj13904-fig-0004){ref-type="fig"}c), showing direct binding of *ACS2* by TCP5 *in vivo*.

Discussion {#tpj13904-sec-0007}
==========

In this study, the roles of *TCP5*‐like genes in Arabidopsis petal development were studied with a special focus on the underlying molecular mechanisms. During organ development, cell differentiation is preceded by a period of rapid cell division. This holds true for most developing organs and tissues, but has been most extensively studied in leaves (Andriankaja *et al*., [2012](#tpj13904-bib-0003){ref-type="ref"}). Petal cell differentiation seems to be a more gradual process along the proximodistal (base to tip) axis (Sauret‐Güeto *et al*., [2013](#tpj13904-bib-0062){ref-type="ref"}), in contrast to the prompt transition from proliferation to cell differentiation in leaves (Andriankaja *et al*., [2012](#tpj13904-bib-0003){ref-type="ref"}). This makes petals interesting organs in which to study growth and development. Petals grow from petal primordia that emerge from stage 5 flower buds (Smyth *et al*., [1990](#tpj13904-bib-0067){ref-type="ref"}). Initially, the petal primordia remain small, but the cells start to divide faster from stage 7 and 8 of flower development onwards and cell division rate reaches a plateau around stages 9--11, after which it rapidly declines. During petal development, stage 9 marks the onset of cell expansion (Irish, [2008](#tpj13904-bib-0029){ref-type="ref"}), which is exactly the moment when *TCP5* expression becomes apparent.

A role for *TCP5* in later petal developmental stages {#tpj13904-sec-0008}
-----------------------------------------------------

Based on our results from the detailed phenotyping of petal development and previously published data (Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}), *TCP5* seems to be involved in petal development from the onset of cell elongation (stage 9) and into the maturation phase until the later stages of flower development (stage 14--15). These observations led to the hypothesis that *TCP5* is mainly involved in cell elongation, which was confirmed by whole transcriptome analysis using RNA‐seq and subsequent Gene Ontology analysis, in which we identified overrepresentation of the GO terms regulation of cell size (GO:0008361) and cell growth (GO:0016049). Hence, in line with the observed morphological changes in the mutants, the RNA‐seq results also point to cell elongation‐related processes, suggesting a major role for TCP5 in the regulation of petal growth. Furthermore, these results show which growth‐related genes are responsible for the observed altered phenotypes.

Previous research has shown that *TCP5* is repressed by *RBE* during the early stages of petal development, limiting the function of *TCP5* towards later stages of petal development (Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}). Interestingly, TCP4, a JAW TCP, is also repressed by *RBE* during the early stages of petal development (Li *et al*., [2016](#tpj13904-bib-0038){ref-type="ref"}) and there is considerable overlap in the petal phenotypes of the different *TCP5*‐like and *JAW* TCP gene mutants. For example, a mutation in the *CIN* gene of *Antirrhinum*, which is orthologous to the *CIN* TCPs in Arabidopsis (*TCP2*, ‐*3*, ‐*4*, ‐*5*, ‐*10*, ‐*13*, ‐*17* and ‐*24*; Uberti Manassero *et al*., [2013](#tpj13904-bib-0074){ref-type="ref"}), results in flattening of the conical cells as well as an increase in cell size in certain petal regions (Crawford *et al*., [2004](#tpj13904-bib-0011){ref-type="ref"}), which is in perfect agreement with our data on the *tcp5 tcp13 tcp17* knockout. Furthermore, in the loss‐of‐function mutant *miR319a* ^*129*^, where the *JAW* TCPs are overexpressed, petals are significantly smaller and narrower (Nag *et al*., [2009](#tpj13904-bib-0048){ref-type="ref"}), which is a phenocopy of the *TCP5* overexpression phenotype.

It might be expected that the conical cell phenotype of *jaw‐D* plants resembles that of *tcp5 tcp13 tcp17*, which would further strengthen the hypothesis that the JAW‐like TCPs and the *TCP5*‐like TCPs share regulatory functions during petal development (Koyama *et al*., [2007](#tpj13904-bib-0034){ref-type="ref"}; Efroni *et al*., [2008](#tpj13904-bib-0020){ref-type="ref"}). Additionally, the similarity in phenotypes might be explained by the fact that *TCP5*‐like proteins preferentially interact with JAW‐like TCP proteins to form heterodimers (Danisman *et al*., [2013](#tpj13904-bib-0017){ref-type="ref"}).

Another phenotype shared by the *Antirrhinum cin* mutant and our *tcp5* mutant and overexpression lines is the clear difference in cuticle ridges on conical cells compared with that on conical cells of wild‐type petals. The precise mechanism that controls the patterning of the petal cuticle is still unknown but is thought to be linked to cell shape, because mutants defective in cutin biosynthesis show impaired cell expansion (Noda *et al*., [1994](#tpj13904-bib-0051){ref-type="ref"}; Cominelli *et al*., [2008](#tpj13904-bib-0010){ref-type="ref"}; Glover *et al*., [2016](#tpj13904-bib-0023){ref-type="ref"}). This seems to be confirmed in our experiments, because we also observed effects on both cuticle ridge formation and conical cell sizes. Since the effect of altered *TCP5* expression is primarily on genes involved in cell elongation, this implies that the cuticle patterning defect is a consequence, not the cause, of the altered petal cell size in the different *tcp5* mutants.

Does the L1 layer have an important role in petal development related to TCP5 action? {#tpj13904-sec-0009}
-------------------------------------------------------------------------------------

The petal phenotypes observed in the *ATML1* ~*pro*~ *:TCP5‐GFP* lines are similar to the *35S* ~*pro*~ *:TCP5* phenotypes published previously (Huang and Irish, [2015](#tpj13904-bib-0027){ref-type="ref"}). Although *TCP5* is expressed normally throughout the different cell layers of the petal, the fact that it can act non‐cell autonomously from the epidermal layer is in agreement with the hypothesis that control of organ growth is mediated to a large extent by the epidermal L1 cell layer (Savaldi‐Goldstein *et al*., [2007](#tpj13904-bib-0063){ref-type="ref"}). Of note is the differential expression of several genes involved in epidermal specification in the *ATML1* ~*pro*~ *:TCP5‐GFP* overexpression line, as well as in the *tcp5* and *tcp5 tcp13 tcp17* mutants, including genes such as CAPRICE‐LIKE MYB3 (*CPL3*) (Grebe, [2012](#tpj13904-bib-0025){ref-type="ref"}), DEFECTIVE KERNEL1 (*DEK1*) and its downstream‐acting HD‐ZIP IV‐encoding genes *HDG11* and *HDG12* (Galletti *et al*., [2015](#tpj13904-bib-0022){ref-type="ref"}) (Figure [3](#tpj13904-fig-0003){ref-type="fig"}). Although the overexpression of *TCP5* in the epidermal L1 layer is ectopic and petals are derived solely from L1 and L2 layers of the floral meristem (Jenik and Irish, [2000](#tpj13904-bib-0030){ref-type="ref"}), the fact that this differential expression is also seen in the loss‐of‐function mutants suggests a specific growth regulatory function for TCP5 in, and coordinated from, the epidermis.

TCP5 controls petal growth and development via ethylene biosynthesis and signalling {#tpj13904-sec-0010}
-----------------------------------------------------------------------------------

Analysis of the genes differentially expressed after TCP5 induction showed enrichment for processes related to stress, defence responses and hormone responses. This might not be surprising, since TCPs have been described to act directly on hormonal pathways that regulate both defence responses and plant growth (reviewed by Nicolas and Cubas, [2016](#tpj13904-bib-0050){ref-type="ref"}; Li, [2015](#tpj13904-bib-0037){ref-type="ref"}; Danisman, [2016](#tpj13904-bib-0015){ref-type="ref"}). Furthermore, it is well known that there is a trade‐off between growth and defence (Todesco *et al*., [2010](#tpj13904-bib-0071){ref-type="ref"}). We therefore hypothesise that TCP5 primarily targets and regulates certain hormonal pathways which ultimately lead to the growth phenotypes observed here.

Further analysis of the RNA‐seq results pointed our attention towards ethylene signalling (GO:0009723), as it was overrepresented in the GO term analysis upon DEX induction of the *35S* ~*pro*~ *:TCP5‐GR* plants. All samples showed a deregulation of ethylene biosynthesis genes as well as numerous downstream signalling elements. Analysis of ethylene production in the headspace of inflorescences confirmed the differential gene expression. We found a reduction of ethylene levels in the *ATML1* ~*pro*~ *:TCP5‐GFP* overexpressor and an increase of ethylene in the headspace of both the *tcp5* and *tcp5 tcp13 tcp17* knockout mutants, suggesting a role for TCP5 as an inhibitor of ethylene biosynthesis. Alternatively, these alterations can be caused by effects on the expression of ethylene biosynthesis and signalling genes, because the ethylene signalling pathway is known to have feedback regulatory loops (Rai *et al*., [2015](#tpj13904-bib-0058){ref-type="ref"}; Prescott *et al*., [2016](#tpj13904-bib-0057){ref-type="ref"}) and hence effects downstream of ethylene can ultimately result in differences in ethylene production.

Next to ethylene, the response to auxin (GO:0009733) was also overrepresented in our differential gene lists. Both auxin (Varaud *et al*., [2011](#tpj13904-bib-0077){ref-type="ref"}) and ethylene (Ma *et al*., [2008](#tpj13904-bib-0042){ref-type="ref"}; Chen *et al*., [2013](#tpj13904-bib-0006){ref-type="ref"}; Pei *et al*., [2013](#tpj13904-bib-0054){ref-type="ref"}) have been shown to function in cell proliferation and elongation during petal development. Analysis of the two time points upon *TCP5* activation revealed differential expression in ethylene biosynthesis in the first time point (T0--2), whereas only the second time point (T2--8) shows differential expression in downstream ethylene signalling genes (Figure [2](#tpj13904-fig-0002){ref-type="fig"}c). This suggests that TCP5 has a direct effect on the biosynthesis of ethylene, which is further confirmed by our finding that TCP5 binds the promoter of *ACS2 in viv*o (Figure [4](#tpj13904-fig-0004){ref-type="fig"}c).

Previous research has shown that reduced ethylene signalling leads to an increase in petal size due to an increase in conical cell size (e.g. in the loss‐of‐function mutant *ein2*) (Pei *et al*., [2013](#tpj13904-bib-0054){ref-type="ref"}). This effect on petal development was confirmed by us by an analysis of petal size in *ein2* and two other mutant lines defective in the ethylene signalling and transcription cascade, *ein3* and *etr1* (Figure [S8](#tpj13904-sup-0008){ref-type="supplementary-material"}). However, there is evidence to suggest that ethylene can both induce cell elongation (reviewed by Van de Poel *et al*., [2015](#tpj13904-bib-0076){ref-type="ref"}; Feng *et al*., [2017](#tpj13904-bib-0021){ref-type="ref"}) and repress cell growth, depending on the exact concentration and cellular context (Pierik *et al*., [2006](#tpj13904-bib-0055){ref-type="ref"}; Dugardeyn and Van Der Straeten, [2008](#tpj13904-bib-0019){ref-type="ref"}). As a consequence, a low ethylene concentration can have the same effect on cell elongation as a high concentration (Abts *et al*., [2014](#tpj13904-bib-0001){ref-type="ref"}; Lv *et al*., [2018](#tpj13904-bib-0041){ref-type="ref"}).

The latter results seem to corroborate the data from our mutants that all show an increase in cell size, regardless of an increase or decrease in ethylene biosynthesis. We suggest that there is a tight balance between the ethylene concentration and its effect on cell size, as opposed to a linear relationship, linked to an 'on' or 'off' status for cell elongation. A deviation from 'normal' physiological ethylene concentrations then results in an enhanced cell elongation phenotype, as previously seen in root cells (Abts *et al*., [2014](#tpj13904-bib-0001){ref-type="ref"}; Lv *et al*., [2018](#tpj13904-bib-0041){ref-type="ref"}). This is further strengthened by the fact that we revert the phenotype of the *tcp5 tcp13 tcp17* line (which produces more ethylene but grows bigger petals with bigger cells) to a wild‐type phenotype by blocking the ethylene signalling pathway with STS, demonstrating that a large part of the mutant phenotype is caused by altered ethylene signalling. Moreover, blocking the ethylene pathway by STS also reduced petal growth in our Col‐0 control plants, albeit to a much lesser extent than that of the *tcp5 tcp13 tcp17* mutant.

The perturbation in the ethylene balance might also lead to the observed differential direction of cell elongation, which is known to be influenced by the effect that ethylene has on microtubule orientation (Le *et al*., [2004](#tpj13904-bib-0036){ref-type="ref"}; Plett *et al*., [2009](#tpj13904-bib-0056){ref-type="ref"}). In addition, genes involved in directional cell growth, such as MICROTUBULE ASSOCIATED PROTEIN 18 (*MAP18*) (Wang *et al*., [2007](#tpj13904-bib-0079){ref-type="ref"}), were found to be deregulated. This could in part also explain the defect in cuticle patterning, as the composition of cuticular ridges has been linked to differences in cell morphology (Shi *et al*., [2011](#tpj13904-bib-0066){ref-type="ref"}) and microtubule orientation was recently shown to control conical cell shape (Ren *et al*., [2017](#tpj13904-bib-0059){ref-type="ref"}).

Downstream of ethylene biosynthesis are numerous genes involved in cell elongation processes, which might account in part for the phenotypes observed in our mutants. For example, auxin is known to induce the production of ethylene (Tsuchisaka and Theologis, [2004](#tpj13904-bib-0073){ref-type="ref"}; Pierik *et al*., [2006](#tpj13904-bib-0055){ref-type="ref"}). Interestingly, the ARGOS gene family is involved in a negative feedback loop in ethylene signalling, downstream of ethylene biosynthesis (Rai *et al*., [2015](#tpj13904-bib-0058){ref-type="ref"}). Upregulated by both ethylene and auxin, it inhibits a proper downstream ethylene signalling response. In our induction experiment, ARGOS and ARGOS LIKE 1, ‐2, and ‐3 (*ARL1*, ‐*2* and ‐*3*) were upregulated after the first time point. At the second time point, however, these genes were downregulated. This might point towards initial upregulation by TCP5 after which the ethylene biosynthesis is downregulated, possibly both through the activity of *ARGOS* and the *ARL*s and directly by TCP5. Consequently, downregulation of ethylene biosynthesis would then downregulate *ARGOS* and the *ARL*s.

In conclusion, we have demonstrated that TCP5 is an important regulator of growth and development of the Arabidopsis petal. However, in contrast to directly regulating growth regulatory genes we show here that one of the functions of *TCP5* is to act as a regulator of ethylene biosynthesis, after which the downstream targets of ethylene signalling are responsible for various of the observed developmental phenotypes. Several TCP TFs have been described to regulate hormone synthesis, transport and signal transduction for a number of key plant hormones (reviewed by Nicolas and Cubas, [2016](#tpj13904-bib-0050){ref-type="ref"}). However, no TCP protein has yet been linked to ethylene, and we provide proof in this study for a tight association between TCP5 and ethylene biosynthesis and signalling.

Experimental Procedures {#tpj13904-sec-0011}
=======================

Plant materials and growth conditions {#tpj13904-sec-0012}
-------------------------------------

The triple T‐DNA insertion mutant *tcp5 tcp13 tcp17* contains the mutant alleles *tcp5‐1* (SM_3\_29639), *tcp13* (SM_3\_23151) and *tcp17* (SALK_147288), all three of which have insertions in the coding regions. The *tcp5‐1* single mutant was kindly provided by Dr Koyama and the triple *tcp5 tcp13 tcp17* was a gift from Professor Eshed. All three lines defective in the ethylene signalling and transcription cascade (*etr1‐1*,*ein2‐5* and *ein3‐2*) were obtained through the Nottingham Arabidopsis Stock Centre (NASC; <http://arabidopsis.info/>). Plants were grown under long‐day conditions (16 h/8 h light/dark cycle) at 21°C on Rockwool and received 1 g l^−1^ Hyponex plant food solution twice a week.

Constructs and transformation {#tpj13904-sec-0013}
-----------------------------

The coding sequence (without a STOP codon) of *TCP5* was amplified by PCR and recombined into the modified pK7FWG2 destination vector, containing the *AtML1* (AT4G21750) promoter in place of CaM35S (Urbanus *et al*., [2010](#tpj13904-bib-0075){ref-type="ref"}), resulting in *ATML1* ~*pro*~ *:TCP5‐GFP*. Simultaneously, the coding sequence was recombined in pARC146 (Danisman *et al*., [2012](#tpj13904-bib-0016){ref-type="ref"}), resulting in the destination vector *35S* ~*pro*~ *:TCP5‐GR*. Next, a 3‐kb promoter region was cloned together with the *TCP5* coding sequence and recombined into pMDC204 (Curtis and Grossniklaus, [2003](#tpj13904-bib-0013){ref-type="ref"}) resulting in the destination vector *pTCP5:TCP5‐GFP*. All primer sequences can be found in Table [S4](#tpj13904-sup-0012){ref-type="supplementary-material"}. All three constructs where transformed into *Agrobacterium tumefaciens* strain C58C1‐PMP90. Arabidopsis transformation was conducted by the floral dip method (Clough and Bent, [1998](#tpj13904-bib-0008){ref-type="ref"}). The T~1~ seeds were selected on germination medium containing 30 μg ml^−1^ kanamycin for 2 weeks, after which rooting green *T* ~1~ seedlings were transferred to Rockwool and grown until seed set. The following *T* ~2~ generation was checked for expression of the transgene by reverse‐transcription PCR. Col‐0 was used as the wild type and reference in all experiments.

Petal and cell measurements and analyses {#tpj13904-sec-0014}
----------------------------------------

Petals were collected from fully grown flowers at stage 14--15 (Smyth *et al*., [1990](#tpj13904-bib-0067){ref-type="ref"}) and subjected to further analysis -- either by epidermal imprinting for cellular phenotype analysis or by overall shape and size phenotyping. We used three plants, of which 12 petals were analysed from four or five flowers; 50 cells from each petal were subject to analysis.

Petals destined for SEM were fixed in paraformaldehyde (4% in phosphate buffer) and dehydrated in absolute ethanol, critical point dried (Balzers CPD 030, <https://www.oerlikon.com/balzers/com/en/>), mounted onto metallic stubs and gold‐sputtered (with 40‐nm colloidal gold, Balzers SCD 004). Observation and documentation were performed in a LEO 435 ( <http://www.leo-usa.com/>) VP scanning electron microscope. Digital images were obtained with LEOUIF software. Samples destined for optical microscopy were mounted in a drop of glycerol on a microscopy side, covered with a cover slip, observed and documented under a Zeiss Axioskope optical microscope ( <https://www.zeiss.com/>) equipped with a digital camera.

The microscopic drawings of the abaxial petal epidermis were scanned for digitisation. Conical cells from the most distal third of the petal were digitised, but the epidermal cells at the petal margin were not considered. At least 19 petals were imaged for each genotype. Data on cell area and cell roundness were collected from digital images, essentially following the protocol described by Andriankaja *et al*. ([2012](#tpj13904-bib-0003){ref-type="ref"}). Colour gradients according to cell area as well as vectors of maximum and minimum cell diameters were assessed from each cell image using the ImageJ macro language ( <http://rsbweb.nih.gov/ij/>). At least 10 000 cells from each genotype were analysed. A two‐sample *t*‐test was used to distinguish between mutant and wild type.

Epidermal imprinting {#tpj13904-sec-0015}
--------------------

An addition‐reaction silicone elastomer polyvinyl siloxane (dental resin kit) was used to obtain imprints of petals epidermis. Equal amounts of the two types of paste from the kit were mixed together to make the working dental resin. The resin was placed onto a glass slide with the help of a toothpick, forming a layer 1--2 mm thick. Using tweezers, petals were placed on the resin layer with the adaxial surface facing the resin for at least 5 min or until the resin solidified. After gently removing the petals from the resin the impression was left to fully set for 5 min. Then clear nail polish was applied to the surface of the resin impression and left to completely dry for approximately 20 min. The nail polish layer was carefully peeled off from the resin and placed onto a new glass slide with the imprinted surface face up. The imprints were observed and imaged using a differential interference contrast microscope for further image analysis by ImageJ.

Tissue sampling and RNA isolation for qRT‐PCR and RNA‐sequencing {#tpj13904-sec-0016}
----------------------------------------------------------------

Petals of stage 12 flowers (Smyth *et al*., [1990](#tpj13904-bib-0067){ref-type="ref"}) were harvested from 50 flowers per biological replicate. For induction of *35S* ~*pro*~ *:TCP5‐GR*, inflorescences were treated with a DEX induction solution (2 μ[m]{.smallcaps} dexamethasone, 0.01% (v/v) ethanol, and 0.01% Silwet L‐77) or with an identical mock solution that lacked DEX. Whole inflorescences were harvested 0, 2 and 8 h after induction and RNA was isolated using the InviTrap^®^ Spin Plant RNA Mini Kit (Stratec Molecular, <https://www.molecular.stratec.com/>) according to the manufacturer\'s protocol. TURBO™ DNase (ThermoFisher Scientific, <https://www.thermofisher.com/>) was used to clean the RNA samples from DNA.

iScript reverse transcriptase (Bio‐Rad, <https://www.bio-rad.com>) was used for cDNA synthesis. The complementary DNA made this way was used for qRT‐PCR using the SYBR Green mix from Bio‐Rad ( <http://www.bio-rad.com/>). The reference genes used for all expression analyses were a *SAND* family gene, *At2G28390*, and the *TIP41*‐like gene *At4G34270*, both 'superior reference genes' (Czechowski *et al*., [2005](#tpj13904-bib-0014){ref-type="ref"}).

Library preparation for whole‐genome RNA sequencing was done using the Illumina Truseq Library Preparation Kit. Library quality was evaluated using a Bioanalyzer and an RNA Nano 6000 kit (Agilent, <http://www.agilent.com/>). RNA concentrations were determined using the Xpose 'DSCVRY' (Trinean, <https://www.trinean.com>). The libraries were then sequenced with the Hi‐Seq 2500 system (Illumina, <https://www.illumina.com/>).

Gene expression and gene set enrichment analysis {#tpj13904-sec-0017}
------------------------------------------------

Libraries of three biological replicates were sequenced and analysed using the Bowtie--Tophat--Cuffdiff (BTC) pipeline (Trapnell *et al*., [2012](#tpj13904-bib-0072){ref-type="ref"}). Differential gene expression was based on FPKM (fragments per kilobase of transcript per million mapped reads) values and determined for all samples using Col‐0 as the control. The cut‐off was set at a false discovery rate (FDR) \< 0.05 in all analyses performed. The RNA‐seq data are made available via NCBI and can be accessed through GEO accession number GSE103762.

The BINGO 3.03 plug‐in (Maere *et al*., [2005](#tpj13904-bib-0043){ref-type="ref"}), implemented in CYTO‐SCAPE 2.81 (Shannon *et al*., [2003](#tpj13904-bib-0065){ref-type="ref"}), was used to determine and visualize the GO enrichment according to both GO Slim (Table [S2](#tpj13904-sup-0010){ref-type="supplementary-material"}) and GO enrichment (Table [S3](#tpj13904-sup-0011){ref-type="supplementary-material"}) categorization. A hypergeometric distribution statistical testing method was applied to determine the enriched genes and the Benjamini--Hochberg correction was performed in order to limit the number of false positives (FDR \< 0.05).

Ethylene treatment and quantification {#tpj13904-sec-0018}
-------------------------------------

Flowering plants with an inflorescence of approximately 4 cm were treated every other day for 1 week with a 50 μ[m]{.smallcaps} STS solution by floral dipping. Petals were harvested from stage 14--15 flowers and subjected to further analysis, either by epidermal imprinting for cellular phenotype analysis or by overall shape and size phenotyping. We used three plants, 12 petal of which were analysed from four or five flowers.

Ethylene production (EP) was measured by putting the top 1.5 cm of an Arabidopsis inflorescence in a 5‐ml headspace vial (one inflorescence per vial). To prevent wilting of the inflorescence, 1 ml of MS10 (Murashige and Skoog, [1962](#tpj13904-bib-0047){ref-type="ref"}) was poured into the vial into which the inflorescence was placed. Before being sealed, the headspace vials were kept open for 1 h to allow the wound‐induced ethylene burst to subside. After closure the vials were kept for 7 h at 21°C to accumulate sufficient endogenous ethylene. Then, to determine the ethylene content, 0.5 ml of headspace gas was injected into a Thermo Focus Gas Chromatograph (Thermo Electron, <https://www.thermofisher.com/>) fitted with a Valco sample valve and analysed using a Restek RT QPLOT column, (0.53 mm ID × 15 m; Interscience B.V., <http://www.interscience.nl/>) at a column temperature of 50°C and flame ionisation detection. Quantitative data were obtained using a certified calibration gas, namely 1.01 p.p.m. ethylene in synthetic air (Linde Gas Benelux, <http://www.linde-gas.com/>).

Chromatin immunoprecipitation {#tpj13904-sec-0019}
-----------------------------

Chromatin immunoprecipitation (ChIP) was performed as described (van Mourik *et al*., [2015](#tpj13904-bib-0046){ref-type="ref"}) on gTCP5‐GFP inflorescences, using μMACS Anti‐GFP (Miltenyi, <http://www.miltenyibiotec.com/>). Primers used for qPCR can be found in Table [S4](#tpj13904-sup-0012){ref-type="supplementary-material"}. Regions of ACTIN 2 (*ACT2*,*At3g18780*), a peptidase S41 family protein (*At4g17740*) and *ACS2* (*At1g01480*) without a *TCP5*‐binding site were used as negative controls. *ACT2* was used as a normaliser for DNA quantity and *PS41* as a background control for immunoprecipitated DNA. The same results were obtained when *PS41* was used as a normaliser and *ACT2* as a background control. Three biological replicates were used and a *t*‐test (*P *\<* *0.05) was done to calculate significant enrichment in the ChIP‐qPCR. Four primer combinations were designed in the promoter and genic regions of *ACS2* (Figure [4](#tpj13904-fig-0004){ref-type="fig"}d). Primer combination 1 was used as a negative control since no consensus TCP‐binding site was present. Primer combinations 2 and 3 cover a single putative TCP‐binding site in the promoter of *ACS2*, and primer combination 4 covers a putative TCP‐binding region in the fourth exon of *ACS2*. We used the PlantPAN 2.0 website for promoter analysis to search for putative binding sites (Chow *et al*., [2016](#tpj13904-bib-0007){ref-type="ref"}).
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**Figure S1.** Expression pattern of TCP5 in Arabidopsis petals during early and later stages of flower development.
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**Figure S2.** Construction, expression and leaf phenotype of *ATML1* ~*pro*~ *:TCP5‐GFP*.

###### 

Click here for additional data file.

###### 

**Figure S3.** Floral phenotypes in TCP5 overexpression and mutant lines.
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**Figure S4.** Graphic representation accompanying the cell morphology phenotyping.
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**Figure S5.** Summary of RNA sequencing results.
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**Figure S6.** Gene Ontology term analysis.
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**Figure S7.** Phenotypes of the *35S* ~*pro*~ *:TCP5‐GR* mutant after dexamethasone treatment.
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**Figure S8.** Phenotypical alterations in petals of mutants deficient in ethylene reception and signal transduction.
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**Table S1.** Lists of differentially expressed genes after RNA‐seq analysis of all samples used in this study.
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**Table S2.** List of GO Slim annotation results.
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**Table S3.** List of Gene Ontology terms (full analysis).
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**Table S4.** Primers used in this study.
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